The temperature response of micellar aggregates of poly(n-butyl acrylate)-b-poly(Nisopropylacrylamide)-carboxylic acid (PnBA-b-PNIPAM-COOH) end-functionalized diblock copolymers in aqueous solutions is investigated by small angle neutron scattering and light scattering techniques. The particular micellar aggregates present -COOH groups at their surface due to the molecular architecture of the block copolymer chains. Above the critical solution temperature micellar aggregation depends on the initial solution concentration, while at the highest polymer contents intermicellar correlations are observed as a hard-sphere interaction intensity peak.
Introduction
Protein interactions with macromolecular nanostructures have been investigated intensely during the last two decades because of the high potential for application in protein separation, drug delivery, food science and tissue engineering 1 . Complexation of proteins with polyelectrolytes is dictated by complex physical phenomena that involve Coulomb interactions specific to protein charge anisotropy and local pH values. 1,2 Small angle scattering methods and analysis advancements has pushed the field forward by characterizing in detail not only the morphology of protein binding nanoparticles e.g. spherical polyelectrolyte brushes, but also the location of adsorbed protein globules 3 . In other works contrast variation and selective labeling in small angle neutron scattering (SANS) has been exploited to define the conformational alterations of both the macromolecular and protein component during interaction 4 .
Electrostatic interactions, entropic counterion release forces 5 and hydrophobic interactions take part in protein polyelectrolyte binding 6 .
At the same time PNIPAM-containing polymers are under extensive study 7, 8 due to the well documented volume phase transition of PNIPAM in water 9 at physiological relevant temperature, which makes it a highly desirable component for stimuli responsive nanocarriers, 10 in tissue engineering and biosensors 11 and in the general field of smart materials 12 . In block copolymers thermoresponsive PNIPAM blocks can induce transitions from hierarchical aggregates at room temperature to well defined structures above the lower critical solution temperature (LCST) 13 when the other block is hydrophilic. When the other block is hydrophobic micellar structures are self- 
Experimental

Synthesis of PnBA-b-PNIPAM-COOH end-functionalized amphiphilic block copolymer
n-butylacrylate (nBA, Aldrich) monomer was distilled in a vacuum line prior to use.
N-isopropylacrylamide (NIPAM, Aldrich) was recrystallized twice from benzene/nhexane (1:4). 4,4′-azobis(isobutyronitrile) (AIBN), from Fluka, was recrystallized from ethanol and subsequently used as a solution in dioxane. 1,4-dioxane (Aldrich) was dried over molecular sieves. S-1-Dodecyl-S ' -(α,α ' -dimethyl-α '' -acetic acid)trithiocarbonate (DTTC) was the chain transfer agent (CTA), obtained from Aldrich and utilized as received.
4
PnBA-b-PNIPAM-COOH amphiphilic block copolymer was synthesized by 
Sample Preparation
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PnBA-b-PNIPAM-COOH powder was dissolved in water (H 2 O for light scattering and H 2 O/D 2 O mixtures for small angle neutron scattering) in order to make parent solutions which were then diluted by the same solvent to the target concentrations.
The salt content was set to 0.01M by NaCl and the pH of the final solutions was tuned to 7 by adding small amounts of HCl or NaOH (DCl or NaOD for neutron experiments). Lysozyme stock solutions (lysozyme HEWL was purchased from Fluka and used without further treatment) were prepared by dissolving protein in the appropriate H 2 O/D 2 O mixture in 0.01M NaCl at pH 7.
Small Angle Neutron Scattering
Experiments were performed on the Small Angle Neutron Scattering (SANS) instrument V4 (BERII Reactor at HZB). Scattering vectors ( ) from 0.002 to 0.5 Å The data was fitted by minimizing the sum of the weighted square differences
between the theoretical and experimental data points. The nonlinear least square optimization was performed by the Monte Carlo algorithm in a simulated annealing process 21 by custom made code in MATLAB.
The temperature of the samples was controlled with an accuracy of 0.1ºC and the samples were left to equilibrate for longer than 30 minutes at the set temperature.
Static, Dynamic and Electrophoretic Light Scattering
An ALV/CGS-3 compact goniometer system (ALVGmbH, Germany), equipped with an ALV-5000/EPP multi tau digital correlator and a He-Ne laser operating at the wavelength of 632.8 nm was used. In Static Light Scattering (SLS) the Rayleigh ratio 
where is the weight-averaged molar mass and is the particle concentration in solution. The single particle's form factor was treated by the Guinier approximation
, where , the radius of gyration obtained by SLS. is the contrast factor for LS given by = ( / ) , where / is the refractive index increment of the scattering particles in the solvent.
In Dynamic Light Scattering (DLS) the intensity auto-correlation functions ( ) ( ) are collected 23 at certain scattering angle and are analysed by the CONTIN algorithm.
The characteristic relaxation rate ( ) is taken from the position of the maximum 
where is the viscosity of the solvent, is the Boltzmann constant and is the absolute temperature. All the LS experiments were performed at controlled temperature which was set by a PolyScience temperature controller and it was proved that 15min wait was enough for the samples to equilibrate.
Zeta potential measurements were performed on a Zetasizer Nano-ZS by Malvern
Instruments Ltd.. 
Results & discussion
Self-assembly of PnBA-b-PNIPAM-COOH
At room temperature PNIPAM is in good solvent conditions and hence COOHterminated PNIPAM chains are expected to be well dissolved in water. The hydrophobicity of PnBA block (not expected to depend strongly on temperature) will force PnBA-b-PNIPAM-COOH chains to form amphiphilic core-shell micelles.
Monitoring the scattered light intensity at a fixed angle for different temperatures is a sensitive probe of transitions in solutions 24 . PNIPAM's coil-to globule transition in water causes an abrupt increase of the scattered intensity around 40 °C (figure 1).
Apparently, this illustrates the molecular weight increase of the scattering objects or in other words association between the micelles that already exist at room temperature (see further discussion for confirmation of micellar morphology). The increased 8 hydrophilicity of the system because of the presence of fully charged end carboxylic units at pH 7 is a possible cause for the LCST appearing at temperatures higher than 32 ºC 24 . Nevertheless a more complicated mechanism may be involved since the transition observed by our scattering methods is dominated by morphological changes at higher aggregation states. with uniform mass distribution 17, 26 . As observed by ζ-potential measurements at high temperatures (see discussion on complexation) the COO units per aggregate seem higher in number and also exposed to the aggregate surface compared to the low temperature (-27mV at 43°C, -2.0mV at 25°C). This supports the hypothesis that the hydrophilic-hydrophobic transition of PNIPAM creates particles with a hard hydrophobic interior and soft hydrophilic charged surface. 10 Å are common for well-defined core-shell objects in solution 22, 27 . The high regime scales roughly as and hence cannot be followed by the spherically 12 symmetric model which scales as . This regime is modeled by introducing the scattering from correlations within the corona of the micelles.
The term ( ) is the scattering from large aggregates which is written (equation 5) as the combination of a Guinier (dominant at large length scales) term bridged with a power-law dependence (dominant at small length scales) and provides the radius of gyration ( ), fractal exponent ( ) and scattering strength ( ) of the objects. 
The intramicellar blob scattering ( ) is modeled by a scattering function same as in equation 5 although only the power-law term gives significant scattering compared to the other two terms and (see figure 6 ). Hence the characteristic length scale and the prefactor are not resolved by the fits.
The micellar term ( ) is modeled by the single-particle scattering from spherically symmetric objects (equation 7) that is defined by the particle number density and the neutron scattering contrast between the particle ( ) and the solvent 29 . The integration in equation 7 is performed numerically by the Filon rule 30 which is suitable for strongly oscillating functions.
A core-shell profile where the core has uniform neutron contrast and the shell a varying one 16, 31 was used for the profile ( ) as in equation 8. Particle neutron scattering length density is connected to the polymer volume fraction by =
The volume fraction in the shell is assumed to be a decaying function of i.e.
As can been seen from figure 6 the contribution of the three terms is clearly separated which makes the parameters of each term independently defined from the others. The which means that micelles are formed by a dense core and a highly hydrated shell.
The evolution of SANS data as temperature increases is shown in figure 5 . The low upturn is enhanced greatly at 50 °C in a manner that at this temperature a single fits the data at all concentrations for all temperatures (figure 6). For 4.0 mg/ml the Percus-Yevick approximation for hard-sphere interactions is employed 16, 34 to incorporate a structure factor ( ) into the micellar scattering term. Incorporation of a structure factor was necessary beacause the SANS data from 4.0 mg/ml are qualitatively different than at the rest of the concentrations. The correlation peak cannot be fitted by the micellar or aggregate form factor (this treatment will be also used for all lysozyme containing samples at high temperature). Interactions in this system maybe complicated by the "softness" of the core-shell micelles, the between the COOH end-groups may also contribute to the intermicellar aggregation.
Complexation of PnBA-b-PNIPAM-COOH with lysozyme
The hydrodynamic radius of aggregates decreases as lysozyme is added to the solution (at room temperature), while the micellar radius appears rather unaffected (figure 7b). The SLS intensity (figure 7a) is overall slightly decreasing which is a sign of possible disassociation of the large aggregates to smaller ones that is followed naturally by the drop of their size. Above 0.1 mg/ml lysozyme there is no detectable presence of free micelles in solution pointing to their incorporation into large aggregates with the bridging between intermicellar units by lysozyme globules being possibly the most effective mechanism below the LCST. It has to be noted that the hydrodynamic radius of lysozyme 4 was confirmed by our DLS measurements to be not more than 2 nm. Hence it is three times smaller than the smallest characteristic length-scale in this system (core radius). The effects of lysozyme on micellar and aggregate overall size and morphology comes from the interactions with the macromolecular segments. on PNIPAM thermoresponsive surfaces 35 . In particular lysozyme refolding from a denatured state has been shown to be assisted by PNIPAM spherical brushes 36 .
Finally it has to be noted that lysozyme is stable up to 70º C in similar solution conditions so we do not expect any alteration in its structure caused by temperature 37 .
Conclusions
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